The antimicrobial activity of carvacrol originates from the high hydrophobic nature of this molecule. Its octane/ water partition coefficient P o/w is 3.64 21 , which allow a deeper partitioning into the bacterial cell membrane 22 leading to destabilization. In addition, carvacrol possesses a free hydroxyl phenolic group attached to a benzene ring which is essential for the antimicrobial activity of that molecule 21 . Later on, Veldhuizen 23 indicated that the hydroxyl group of carvacrol by itself is not essential for activity but does have special features that add to the antimicrobial mode of action of carvacrol. More details about the mechanism of carvacrol action against pathogens are available elsewhere 24 26 .
The high hydrophobic nature of carvacrol represents a challenge for the application of this phenolic compound in aqueous environment as preservative, disinfectant or antiseptic. Therefore, utilization of some organic solvents like ethanol or isopropanol as vehicles for carvacrol seems to be reasonable. However there is a global call for minimizing the use of such solvents to reduce emission to the environment. In addition, the risk of using, storing and transporting these flammable and skin irritating solvents should be considered.
Therefore, for a more convenient application in antimicrobial evaluation studies, carvacrol was formulated in different water-based colloidal systems such as liposomes 27 , emulsions 28 , nanoemulsions 29, 30 and microemulsions 31 .
Different microemulsions carrying carvacrol-rich 58.0 and carvacrol-poor 6.0 essential oils were also formulated and their phase behavior were reported 32, 33 . Microemulsions receive more interest nowadays for application in delivering antimicrobials. That is mainly due to their ease of formulation and high thermodynamic stability. In addition, the microemulsification of antimicrobials leads to dispersion of these agents in the aqueous phase in the form of nano-particles which is expected to enhance their antimicrobial activity 34 .
Microemulsions require considerable amount of surface active agent surfactant to solubilize and thermodynamically stabilize the dispersed antimicrobial oils. The type of surfactant, its concentration and the presence of other excipients in the formula can determine the amount of the antimicrobial oil that can be incorporated into the microemulsion. In addition, the type of surfactant can also affect on the overall antimicrobial activity of emulsions in general. Surfactants can deactivate the antimicrobial molecules or augment their activity due to potential interactions between surfactants and the microorganism 35, 36 . Overall, the high amount of antimicrobial oil in the microemulsion along with the choice of the proper surfactant can offer better chances of increasing the efficiency of the antimicrobial microemulsion.
The current study dealt with this issue systematically regarding carvacrol. The solubilization capacity of carvacrol in non-ionic microemulsion was revealed by studying the phase behavior of that compound in different microemulsion systems. That aimed to obtain an aqueous-based, preferably 100.0 water-based and fully dilutable microemulsion that can incorporate as much carvacrol as possible for application in food preservation or disinfection. Then, the antimicrobial activity of that prospected carvacrol microemulsion was evaluated against some pathogenic bacteria and compared with the same concentration of carvacrol formulated in a surfactant-free aqueous solution and in another cationic microemulsion. This study can reveal some factors that may lead to the formulation of an effective aqueous-based antibacterial carvacrol microemulsion. 2.2 Formulation and phase behavior of non-ionic carvacrol microemulsions Five non-ionic carvacrol microemulsions were formulated using the aqueous phase titration method 37 . The composition of these systems was illustrated in Table 1 . For microemulsion formulation: carvacrol alone or carvacrol dissolved in ethanol or isopropanol at 3:1 by weight, respectively was mixed with the surfactant T80 or T20 at different weight ratios ranging from 9:1 to 1:9, respectively, in screw caped vials. The surfactant/carvacrol or the surfactant carvacrol/alcohol mixtures were vortexed until they became a one phase clear systems then left for 2 h to equilibrate. Calculated amounts of the aqueous phase water alone or water/PG at 1:1 by weight were titrated into each vial containing the surfactant/carvacrol or surfactant/carvacrol-alcohol mixture, followed by vortexing for 1 minute. The vials were left for at least 24h to equilibrate before the next calculated portion of the aqueous phase was added, until the content of the aqueous phase reached 90 by weight of the composition of each microemulsion. Samples were prepared in duplicates.
EXPERIMENTAL
The phase behavior of carvacrol microemulsions was studied on ternary or pseudo-ternary phase diagrams. The percentages by weight of the aqueous phase, surfactant and carvacrol or carvacrol/alcohol that gave a clear transparent and non-birefringente texture was represented as a point on the phase diagram. The border line that passed through these points and the area on its right hand side represented a total mono-phasic microemulsion while the region on the left hand side of that line represents a cloudy dispersion or multi-phase domain. The percentage of the mono-phasic area relative to the total area of the triangle phase diagram was taken as a measure for the extent of carvacrol microemulsion formation and was denoted by A T . This term was previously used by other investigators for the same purpose 37 . A T represents the percentage of the total mono-phasic and isotropic microemulsion area that encompasses carvacrol-continuous, bi-continuous and water-continues structures. No attempts were made to trace the transition between these three forms of carvacrol microemulsions as a function of increasing water content because it was out of the scope of this work.
Formulation of cationic carvacrol microemulsion
Cetylpyridinium chloride CPC was dissolved in water/ PG 1:1 solution to form cationic micelles containing 9.0 wt CPC. 1.0 wt carvacrol was titrated into that micellar solution to form the cationic carvacrol microemulsion. The exact composition of that microemulsion was illustrated in Table 1 system 6 . This composition was formulated to be equivalent to a chosen non-ionic carvacrol microemulsion prepared also with 9.0 wt T20 and 1.0 wt carvacrol, as will be discussed later in details in the current article. 2.5 Characterization of the microemulsions 2.5.1 Visual observation Each sample was checked daily for transparency by the naked eye during the entire formulation period after being left for 24 h to equilibrate after each aqueous phase titration step. Samples were also tilted 90 degrees for the detection of fluidity or viscous gel phases. The isotropy that characterizes microemulsions was verified by optical examination using the light microscope Leica Model DM 2500 M Lica Microsystems via the 40x objective lens. Detection of liquid crystal phase was investigated by checking the sample by cross polarized lens using the same microscope. Only those transparent, isotropic, non-birefringent samples that stayed for at least 4 weeks as is were considered as microemulsions. 2.5.2 Particle size measurement
Formulation
The particle size of carvacrol micoemulsions was measured using the dynamic light scattering instrument Zetasizer Nano-ZS model ZEN3600, Nanoseries, Malvern Instruments, UK . Measurements were done at 27 , with a fixed angle of 173 . The measurements are based on the Brownian motion of the hydrated particles, thus it provides information on the hydrodynamic diameter nm of the microemulsion particles. Sizes quoted are the z-average mean of the microemulsion hydrodynamic diameter nm obtained from 10 measurements 2 replicate 5 measurements each . All measurements were conducted after a 4 week equilibration period at 27 . Before measurement, the samples were filtered through 0.20 μm single use Systems (1-5) are non-ionic microemulsions, system (6) is cationic microemulsion, system (7) is surfactant-free aqueous solution and control is a cationic aqueous solution without carvacrol. PG: propylene glycol, T20: Tween 20, CPC: cetylpyridinium chloride *Systems used for the antibacterial evaluation study. All ratios are by weight.
syringe filter unit Minisart ® , Sartoius stedium biotech GmbH Germany to remove impurities.
Refractive index and viscosity measurement
The data required for particle size measurements such as the refractive index and viscosity of the aqueous phase of the microemulsions water and water/PG were measured on an Abbe ED/60 precision refractometer Bellingham and Stanley, Sevenoaks, UK . The relative viscosity of water/PG 1:1 to water was measured using the Capillary Viscometer method at 25 38 Martine 1993 . A glass capillary Type Nr. 531 10 SI Analytics GmbH, Germany was used for that purpose.
Physical stability tests
Before conducting the antimicrobial evaluation study, the chosen microemulsions were subjected to alternate freeze 4 and thaw 37 cycles, 12 h each for a period of one week. Microemulsions were also subjected to ultracentrifugation at 5000 rpm for 30 minutes.
Microorganisms and cultures
The tested microorganisms were provided from the culture collections of the Microbiological Department National Research Center NRC Dokki, Giza, Egypt. These include three strains Gram-positive bacteria Staphylococcus aureus ATCC 43300 , Bacillus cereus ATCC 11778 , Listeria monocytogenes ATCC 35152 , and three strains Gram-negative bacteria Salmonella typhimurium ATCC 13311 , Escherichia coli ATCC 27325 , Pseudomonas aeroginosa ATCC 27853 .
Antibacterial assay
The antibacterial activity of non-ionic and cationic carvacrol microemulsions was determined with the disc diffusion method 39 . The chosen microemulsion formula that was used for all antibacterial assessments comprised 1.0 wt carvacrol, 9.0 wt surfactant T20 or CPC and 90.0 wt aqueous phase water/PG 1:1 . Carvacrol formulated in surfactant-free aqueous solution was evaluated using the same composition without surfactant which was compensated with the aqueous phase. Control samples had the same constituents except for the antimicrobial agent carvacrol . Bacterial suspensions were adjusted to 1 10 7 CFU ml 1 and spread in TSA using sterile cotton swabs.
Subsequently, filter paper discs 6 mm Ø; Whatman No.1 were placed on the surface of Petri dishes and impregnated with 20.0 μL of all carvacrol formulation or controls. After staying at 4.0 for 2 h, all Petri dishes were incubated at 37.0 for 24.0 h. All determinations were performed in triplicate. Antibacterial activity was evaluated by measuring the radius of the inhibition zones to the nearest millimeter.
Statistical analysis for the antimicrobial evaluation
The comparison between antimicrobial activity of nonionic carvacrol microemulsion using T20 and carvacrol in surfactant-free aqueous solution was calculated using independent student T-test. In addition, the effect of surfactant charge, non-ionic T20 versus cationic CPC on the antimicrobial activity of carvacrol microemulsions was calculated using one way ANOVA test. Statistical analysis was carried out using SPSS software version 16.
RESULTS and DISCUSION
3.1 The phase behavior of non-ionic carvacrol microemulsion The capacity of carvacrol solubilization in non-ionic microemulsion was investigated on ternary and pseudo-ternary phase diagrams Fig. 1a -e . These figures represented five formulated non-ionic microemulsion systems differ from each other in the type of surfactant and/or additional excipients including PG, ethanol and isopropanol Table 1 .
From Fig. 1a it can be seen that formulation of carvacrol microemulsion using T80 as a surfactant lead to the formation of a limited mono-phasic microemulsion area A T 11.3 , relative to the total area of the triangle phase diagram . The microemulsion in this area was characterized by a clear transparent appearance with high visually observed viscosity and no birefringent texture under polarized light microscope. The maximum amount of water that can be incorporated into that system was 20.0 wt of the total formula s weight. That can be observed by looking at the microemulsion boarder line which intercepted with the water-T80 arm of the phase diagram at 20.0 Fig. 1a . That low water content in the microemulsion along with the high visually observed viscosity did not support the formation of water-based carvacrol microemulsion. It would rather support the formation of a gel phase which could be reversed phase microemulsion i.e water-in-carvacrol or a bi-continuous microemulsion in which domains of water and carvacrol separated by surfactant layers exist together in the same structure. However, what matters us here is that T80 was not appropriate for the formation of waterbased carvacrol microemulsion.
In order to induce that carvacrol transparent gel phase to invert into the desired water-based microemulsion via potential percolation process, additional amount of water beyond 20.0 wt was titrated step wise into the system. Unfortunately, this treatment shifted the carvacrol gel from the transparent mono-phasic area to the cloudy dispersion domain, as can be seen from the phase diagram in Fig. 1a . This observation supported the fact that T80, as an individual non-ionic surfactant having a lipophilic oleate tail seems to be not compatible with the carvacrol molecule in a ternary system formulated with water. The same conclu-sion was previously reported for oregano essential oil that contained 58.0 by GC analysis carvacrol and formulated in microemulsion using also T80 under the same formulation conditions 32 . Figure 1b showed the effect of surfactant type from the same non-ionic family on the solubilization capacity and the phase behavior of carvacrol microemulsion. Substituting T80 with T20 Table 1 , system 2 enhanced the extent of microemulsion formation. The mono-phasic area representing microemulsion A T was extended to reach 17.71 of the total area of the phase diagram. That indicated 56.0 increase compared with carvacrol microemulsion formulated with T80 Fig. 1a . The lipophylic lauryl moiety of T20 seems to be relatively more compatible with carvacrol molecule than T80. The microemulsion can bear up to 57.0 wt maximum water content beside 4.3 wt carvacrol and 38.7 wt T20.
This microemulsion initially motivated the authors to choose this formula as a model for the antibacterial evaluation study due to its fluid not gel as with T80 nature. However, dilution of that microemulsion with water above 57.0 wt leads to the formation of a cloudy dispersion, as can be seen from the phase diagram in Fig. 1b . Therefore, this microemulsion did not fulfill one of the aims of this study regarding the full dilutability criteria. From the above mentioned it is clear that carvacrol does not lend itself easily towards formation of fully dilutable microemulsion in ternary system composed of water and T80 or T20.
Fortunately, early investigators revealed that preparation of microemulsions using solubilization enhancers can lead to the formation of fully dilutable formula at low surfactant/ oil ratio 37 . Considering this concept in the current study, the authors formulated three other non-ionic carvacrol microemulsions containing the common solubilization enhancers namely PG, ethanol and isopropanol as shown in Table 1 systems 3-5 . Figures 1c-e showed the effect of the solubilization enhancers on the phase behavior and dilutability of carvacrol microemulsions. Changing the aqueous phase from pure water to a mixture of water/PG, 1:1 system 3 enhanced to a great extent the formation of carvacrol microemulsion using the same surfactant Fig. 1c . The mono-phasic area A T of that figure was 37.0 which represent an increase of 109.0 compared with that formulated with water alone Fig. 1b .
The advantage of the microemulsion formulated with water/PG is that it can be fully diluted with the aqueous phase without converting into cloudy dispersion at surfac- tant to carvacrol weight ratios 9:1. That was evident from Fig. 1c that showed the microemulsion boarder line had reached the 100.0 water/PG corner of the phase diagram without interruption. One should note that the microemulsion can reach this dilutable nature at surfactant to carvacrol ratio 9:1, respectively. This ratio was represented by the red asterisk on the carvacrol-surfactant arm of the phase diagram of Fig. 1c . The reason for that radical modification in the solubilization capacity of carvacrol is due to the enhancing effect of PG on the spontaneous curvature of the surfactant film. In more details, PG which is a diol -bearing molecule, can arrange itself at the carvacrol-water interfacial film along with the original surfactant leading to increase of its elasticity and decrease of the interfacial tension. That behavior can lead to enhancement of the spontaneous film curvature, making its value less than zero which in turn prevents formation of gel phases and facilitates formation of microemulsion 37, 40 . The dilutable nature of carvacrol microemulsion formulated with water/PG typically fulfilled the aim of this study for selection to the antimicrobial evaluation. That microemulsion would typically contain 1.0 wt carvacrol, 9.0 wt surfactant and 90.0 wt aqueous phase. The average particle size of that microemulsion was 8.06 0.19 nm with a poly-dispersibility index 0.16 0.008 Fig. 2 , system 3 . Particle size measurements of this microemulsion and the other microemulsion systems 4,5,6 using dynamic laser scattering was based on applying 1.5 and 1.387 as refractive indices for the dispersed phase carvacrol and the continuous phase W/PG , respectively. The relative viscosity value used in the same measurements for the continuous phase W/PG, 1:1 was 4.871 cp at 25 . These values were applied based on direct measurements of the corresponding parameters as previously indicated in the methods section.
Despite the dilutable nature of that microemulsion, the high surfactant amount 9.0 wt and the low carvacrol content 1.0 wt may preclude its practical application in preservation or disinfection. Therefore, seeking for additional solubilization aids that may reduce that surfactant/ carvacrol ratio and enable as much carvacrol to be incorporated in the formula as possible was a prerequisite. Thus the short chain alcohols ethanol and isopropanol were introduced in the formulation of two other carvacrol microemulsions systems 4, 5, Table 1 . These excipients were found to be effective in formulating dilutable microemulsion with reduced surfactant/oil ratio 2.3:1.0 in clove essential oil microemulsion 32 or even 1.5:1.0 in limonenebased microemulsion 37 . Figures 1d, e showed the role of short chain alcohols in enhancing the capacity of formation of carvacrol microemulsion. Mixing carvacrol with either ethanol or isopropanol at 3:1 wt. ratio respectively increased the microemulsion area A T in both systems to 55.0 and 53.2 , respectively. The particle sizes in both microemulsions at 90.0 wt aqueous phase were 7.01 0.15 nm and 6.78 0.1 nm, respectively Fig. 2, systems 4, 5 .
Unexpectedly, even with the use of all these solubilization enhancers namely, PG system 3 , PG-ethanol system 4 and PG-isopropanol system 5 , the surfactant/carvacrol ratio cannot be reduced less than 9.0 for keeping the fully dilutable nature of that microemulsion.
These data undoubtedly confirmed that carvacrol is a challenging phenolic molecule to be micro-emulsified in fully dilutable formula using the most common non-ionic surfactants T80 or T20. However, at high surfactant/carvacrol ratio of 9.0 in the presence of solubilization enhancer, a dilutable microemulsion containing just 1.0 wt carvacrol can be obtained.
Among the three microemulsions that contained solubilization enhancers, the PG-containing system system 3 was chosen for the antibacterial evaluation study. It characterized by alcohol-free nature which made it more preferable over the alcohol-containing microemulsions in systems 4, 5.
It worth mentioning that the carvacrol microemulsions in systems 3-5 were physically stable in the freeze-thaw and the ultracentrifugation assay which were another criteria, beside particle sizing, that authenticated their microemulsion statues.
Before starting the antibacterial evaluation, the effect of the surfactant charge on the antibacterial activity of carvacrol microemulsion was taken into consideration as one of the factors that modulate this activity. Therefore, carvacrol microemulsion in system 3 was re-formulated by substituting the non-ionic surfactant T20 with the cationic cetylpyridinium chloride CPC system 6, Table 1 , keeping all other constituents and their ratios constant. It is well known that CPC can form positively charged micelles in water 41 which can solubilize phenolic molecules like phenol in the form of cationic microemulsion 42 . The phase behavior of CPC-formulated cationic carvacrol microemulsion system 6 was not studied here, however, its formulation was found necessary for comparing its antibacterial activity with that of the non-ionic microemulsion system 3 . The particle size of CPC-formulated carvacrol microemulsion at 90.0 wt aqueous phase was 1.2 0.1 nm as revealed from particle size analysis Fig. 2 , system 6 . That extremely small particle size was found close to the previously reported value 0.9 nm for CPC micelle in water 42 .
Antimicrobial activity of carvacrol microemulsion
The antibacterial evaluations included three carvacrolbearing systems namely: non-ionic, cationic and surfactantfree carvacrol formulations contained 1.0 wt carvacrol. The content of carvacrol was adopted from the composition of the aqueous-based and fully dilutable microemulsion in system 3 that contained 1.0 wt carvacrol, 9.0 wt surfactant and 90.0 wt aqueous phase W/PG, 1:1 . This composition was represented as a red point on the microemulsion boarder line in the phase diagram of Fig.  1c . 20 μL of this conposition allowed the delivery of 200.0 μg carvacrol/disc in the agar diffusion assay.
Results in Table 2 indicated that formulation of carvacrol in non-ionic microemulsion using T20 had no advantage over carvacrol formulated in surfactant-free aqueous solution. On the contrary, carvacrol in the later system was even more antibacterial active than the microemulsion against S. aureus and S. typhimurium. Carvacrol in both formulas was not effective against L. monocytogens while no significant difference of antimicrobial activity was detected among the rest of the tested pathogens. This result came in contradiction with the presumed antibacterial activity that was anticipated from carvacrol microemulsion due to two reasons. First, it was indicated earlier that the structure itself of the microemulsions is harmful to the mi- Table 2 Antibacterial evaluation of carvacrol formulated in non-ionic microemulsion and in surfactant freeaqueous solution.
1.0% Carvacrol in non-ionic microemulsion using T20 (system 3)
1.0% Carvacrol in surfactant-free aqueous solution (system 7)
Diameter of inhibition zone (mm) Inhibitions zones (mm) with the same letter mean no significant difference was detected between treatments.
-ve: no bacterial inhibition was detected.
crobial cell and can adversely affect the function of the bacterial membranes 43 . This statement was verified in a microemulsion systems prepared using non-ionic surfactants which showed membrane disruptive activity against some pathogenic bacteria 44 . The same researchers described those non-ionic microemulsions, beside other similar microemulsions 45 as self-preserving systems by their own right. Second, T20-formulated carvacrol microemulsion prepared in the current study had a particle size in the nano-range 8.06 nm, Fig. 2 , system 3 . At that extremely small particle size, the antimicrobial activity of an antibiotic is usually enhanced due to the potential increase of the passive cellular absorption mechanisms 46 , beside other contributing factors 34 .
Based on these studies, it was expected that the nonionic carvacrol microemulsion would have better antibacterial activity than surfactant-free carvacrol in aqueous solution. Due to the un-fulfillment of this anticipated result, the potential role of the non-ionic surfactant in controlling modulating the antibacterial activity of carvacrol in microemulsion should be considered and discussed.
Surfactants can compromise the activity of some antimicrobial agents like essential oils 47 and phenols 48 . Polysorbate surfactants, like the one that was used in the current study, was found to deactivate phenolic compounds 49 51 .
That can happen by binding the phenolic hydroxyl antibacterial active groups to the polar head groups of the surfactant via hydrogen bonds. The mechanism of deactivation may also include solubilization of the bioactive molecules in the inner parts of the surfactant micelles; therefore, prevent the antibacterial agent from interacting effectively with micro-organisms 52 . Micelles are the nano-aggregates that form spontaneously when the surfactant is dissolved in the aqueous phase over a certain concentration. These micelles are the solubilization sites of the hydrophobic antimicrobials like carvacrol in a microemulsion system. Theoretically, the closer the location of the antimicrobial agent to the surface of the micelle, the higher the activity is expected due to its close proximity to the bacterial cell membrane. Solubilization of a hydrophobic antimicrobial can occur at different locations in the micelle including: a on the outer surface of the micelle i.e. at the micelle/water interface. b between the hydrophilic head groups that constitute the outer shell of the micelles, c between the hydrophilic head groups and the first few carbon atoms of the hydrophobic tails known as the palisade layer and d in the inner hydrophobic tails of the surfactant which represents the core of the micelle 53 . Early investigators found that these solubilization locations can be determined by using spectroscopic techniques like 1 H-NMR 54 . This technique showed previously that carvacrol is located inside the palisade layer of the micelles of a non-ionic ethoxylated acetylenic surfactants belong to the Surfynol ® family 31 . The same technique also revealed that phenol can be located at different sites in the micelles of CPC surfactant depending on phenol s concentration 42 . However, to our knowledge there is no data available regarding location of carvacrol in the micelles of the polysorbate surfactant like T20 which was used in the current study. Generally speaking the polarity and molecular volume of the antimicrobial molecule will determine the appropriate location of solubilization which will finally determine the antimicrobial activity of the microemulsion. From Table 2 it could be noticed that carvacrol whether in microemulsion or in surfactant-free formula was highly effective against S. aureus. This result came in accordance with other investigation that shown the efficacy of carvacrol against planktonic S. aureus including methicillin resistant strains 55 . This observation was interesting because S. aureus isolates from intensive care units and from blood culture isolates worldwide were found increasingly resistant to a greater number of antimicrobial agents 56 . Therefore carvacrol microemulsion may find some applications in food preservation or in antibacterial film coatings.
On the other hand, more work is still needed to justify why non-ionic carvacrol microemulsion was more effective against S. aureus than the rest of the tested pathogenic bacteria? One of the potential reasons that may justify that result is the less sophisticated cell wall of S. aureus as a Gram-positive bacteria compared with that of E. coli, P. aeroginosa and S. typhimurium which are Gram-negative organisms and more resistant to the biocide Table 2 . On the other hand B. cereus and L. monocytogens are also Gram-positive bacteria like S. aureus but they are more resistant to carvacrol microemulsion Table 2 . That could be due to the spore forming nature of B. cereus or the presence of specific antimicrobial drug resistant genes in this microorganism 57 and in L. monocytogens 58, 59 which are not present in S. aureus. Table 3 showed that formulation of carvacrol in microemulsion using the cationic surfactant CPC had significantly higher antibacterial activity than that formulated with the non-ionic T20. This activity was also extended to S. typhimurium and L. monocytogenes which were not affected at all with T20-formulated carvacrol microemulsion. This result illustrates clearly the role of surfactant and its electrostatic charge in modulating the antibacterial activity of carvacrol microemulsion. The observed antibacterial activity originates from the nature of this cationic surfactant which possesses a positive charge. It is axiomatic that the better interaction between carvacrol vehicle in the cationic microemulsion, which is the micelles of CPC, with the negatively charged bacterial cell wall via electrostatic attraction lead to an effective delivery of that antibacterial agent to the cell wall. One should bear in mind that CPC also has inherent antimicrobial activity as revealed from the CPCaqueous solution with 0.0 carvacrol control in Table 3 . This cationic surfactant is a member of a cationic antimi-crobial family called quaternary ammonium compounds which is usually utilized in disinfection. The antimicrobial activity of this surfactant arises from multiple mechanisms 60 . However, the positive charge on CPC is the prime factor for its antimicrobial activity. It interacts with the negatively charged cell wall of the microbe by electrostatic attraction allowing the hydrophobic palmitate moiety of CPC to interact with the cell wall resulting in leakage of the cellular components 61 . Previous investigations indicated that CPC at 1.0 in a soybean nano-emulsion can inhibit the planktonic forms of Acinetobacter baumannii 62 . It was also used as antimicrobial and disinfecting agent in many commercially available oral hygiene products 63 and disinfecting soaps. Other antimicrobial activity was also reported for CPC against different pathogenic bacteria 64 .
The drawback of the CPC-formulated carvacrol microemulsion is that it cannot be used in direct food preservation due to its harmful cationic nature when ingested. Therefore, its application may be restricted to disinfection and decontamination of surfaces. For practical application in disinfection or preservation, other colloidal systems like macroemulsions or nanoemulsions may be better delivery vehicles for carvacrol than microemulsion due to the higher pay-load of carvacrol in these systems. On the other hand carvacrol microemulsions formulated in the current study are thermodynamically stable compared with the previously mentioned delivery systems. This means high physical stability of the formula containing carvacrol in case of long term storage before being used as a biocide in disinfection or sanitization purpose. Therefore, taking these advantages and liabilities in consideration, one can choose the appropriate delivery system that fits better into the required application. Main while, the current study may also motivate further research work aiming to increase the pay-load of carvacrol in microemulsion using novel food-permitted surfactants that do not interfere with its antimicrobial activity for potential application in food preservation.
CONCLUSION
The current work illustrates the low solubilization capacity of carvacrol in dilutable microemulsion using the most commonly applied surfactants T80, T20 even with solubilization enhancers. Significantly higher antibacterial activity was observed for CPC-formulated carvacrol microemulsion compared with T20-formulated carvacrol system confirming the importance of surfactant charge to the overall antimicrobial activity of microemulsions. Inhibitions zones (mm) with the same letter mean no significant difference was detected between treatments.
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